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INTRODUCTION

Nitrogen concentrations far in excess of Sieverts’ Law calculations and as high as 0.2 wt.% have been ob-
tained in steel welds during arc welding.'” Such high concentrations of nitrogen in the weld metal can originate
from a variety of sources, depending on the welding operation in question. One such mechanism involves the
interaction between the surrounding atmosphere, which is about 80% nitrogen, and the plasma phase above the
weld pool. Impingement of the surrounding atmosphere into the arc column, which is primarily composed of an
inert shielding gas, can be due, in part, to insufficient shielding of the weld metal. In other cases, nitrogen can
be purposefully added to the shielding gas to enhance the microstructural evolution of the weld metal.

The mechanisms responsible for enhanced nitrogen concentrations are of significant interest. In both arc
melting and welding operations, a plasma phase exists above the liquid metal. This plasma phase, which is
composed of a number of different species not normally observed in gas-metal systems, significantly alters the
nitrogen absorption reaction in liquid iron and steel.”"* Monatomic nitrogen (N) is considered to be the species
responsible for the observed enhancements in the nitrogen concentration. This role for monatomic nitrogen is
based on its significantly higher solubility in iron with partial pressures many orders of magnitude less than that
for diatomic nitrogen.“’w"

It has also been proposed that the total amount of nitrogen present in the liquid metal is the balance of two
independent processes.'®'®2' Monatomic nitrogen is absorbed through the interface between the arc and the
liquid metal. Once a saturation level is reached at any location on the metal surface, nitrogen is then expelled
from the surface of the liquid metal. This expulsion of nitrogen from the weld pool surface occurs via a desorp-
tion reaction, in which bubbles form at the surface and other heterogeneous nucleation sites in the liquid melt.
These bubbles are filled with nitrogen gas, which has been rejected from the liquid iron. Outside the arc col-
umn, the nitrogen in solution in the iron is in equilibrium with diatomic nitrogen rather than monatomic nitro-
gen, which dominates the arc column.

Models based on the role of the plasma phase in Froducing these enhanced nitrogen concentrations have
also been developed. For example, Gedeon and Eagar* have proposed that the diatomic gas introduced into the



plasma phase in the arc column partially dissociates at a temperature higher than that at the sample surface. The
monatomic species is then transported to the liquid metal surface, where it is absorbed at the temperature on the
liquid metal surface. Mundra and DebRoy'® have used this same methodology to develop a semi-quantitative
model to describe the temperature at which the diatomic gas dissociates in the plasma phase. In the two-
temperature model,'** a hypothetical temperature, T,, equal to the temperature at which the equilibrium ther-
mal dissociation of diatomic nitrogen produces the partial pressure of monatomic nitrogen in the plasma, is de-
fined. This dissociation temperature is in a range of 100 to 300 K higher than the temperature at the metal sur-
face, T, and is a measure of the partial pressure of the atomic nitrogen in the plasma. This methodology pro-
vides an order-of-magnitude agreement between the calculated and experimental nitrogen concentrations but
does not strictly provide a capability for predicting the nitrogen concentration.

No quantitative means for predicting the nitrogen concentration in the weld metal currently exists. In de-
veloping a quantitative model, it must be recognized that nitrogen dissolution into the weld pool is intimately
tied to several simultaneously occurring physical processes. These processes include the formation of various
nitrogen species in the plasma phase above the weld pool, reactions at the interface between the plasma phase
and the weld pool surface, and the transport of nitrogen within the weldment by convection and diffusion. A
mathematical model, which combines calculations describing each of these processes into a single model, has
been developed here. The validity of this model has also been tested by comparing the modeling results with
those from a series of GTA welding experiments with pure iron.

MODEL DEVELOPMENT

Plasma Phase Calculations- During GTA welding, the interaction between the tungsten electrode and the inert
shielding gas produces a plasma phase above the weld pool. This plasma phase is characterized by electron
temperatures between 3000 and 20000 K and consists of different ionized and neutral species. Various Ar-N;
gas mixtures have been used here in the GTA welding of pure iron samples. In order to calculate the resulting
nitrogen concentration in the weld metal, the partial pressure of monatomic nitrogen above the weld pool must
be known. A methodology to calculate the number densities of species present in the plasma phase for a variety
of pure gases and gas mixtures has been presented in a previous study.'” This methodology is based on the as-
sumption of local thermodynamic equilibrium (LTE) in the plasma phase. Under LTE conditions, both quasi-
neutrality and ideal gas law behavior are assumed to be dominant.

The individual species densities (Ar, Ar’, Ar™, N, NJ, and N¥) in Ar-N, gas mixtures are analyzed

here. The ionization reactions for both Ar and N; species are generally defined by the Saha-Eggert relation, >

which is shown below for the ionization of an Ar atom:
Ar - Ar" +e” (1)
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where n. is the electron density, n; is the number density for each of the respective gaseous species, m, is the
rest mass of an electron, k is the Boltzmann Constant (1.38x10% J K'"), T is the electron temperature (K), h is

Planck’s Constant (6.63 x 107 J s), Z; is the partition function for each gaseous species, and ¢; is the ground




state energy for the species of interest. The partition functions®?¢ are based on the various energy levels of

each atomic or molecular species and provide insight into the fundamental nature of the species of interest.
Values of the partition functions, which vary with the electron temperature, are calculated elsewhere.'’

In addition to the ionization reactions occurring in the plasma phase, the dissociation of diatomic molecules
into atomic species is also considered in Equations (3) and (4).

N2 (g) > 2N (g) 3
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where P is the total system pressure (atm), py is the partial pressure of monatomic nitrogen, py, is the partial
pressure of diatomic nitrogen, Xy and XN2 are the mole fractions of N and N, respectively, ny and ny , are

the number densities (m™>) for N and N, respectively, R is the gas constant (8.314 J mol™ K™), and N, is
Avogadro’s number (6.022 x 10% mol™). At temperatures commonly used for conventional materials process-
ing, the free energy values are available and the value of K can be easily calculated. On the other hand, accu-
rate thermodynamic data are not readily available for the high temperatures commonly found in the welding
plasma. A recourse is to calculate the necessary data, which have been presented elsewhere."”

The charge and mass of the system must also be balanced. The charge balance, which is based on the prin-
ciple of quasineutrality, is expressed by the sum of electrons produced by the ionization reactions. The conser-
vation of mass in the system is based on ideal gas law. These equations are then solved simultaneously to ob-
tain values for each species present in the plasma.

Nitrogen Absorption at the Weld Metal Surface- Nitrogen is introduced into the weldment only at the top
surface. In the area underneath the arc column and defined by the liquid weld pool, the absorption of mona-
tomic nitrogen is dominant. The monatomic nitrogen partial pressure is defined by the electron temperature dis-
tribution above the weld pool. In the region outside the arc column and above the solid portion of the weld-
ment, the nitrogen dissociation reaction is minimal, and the absorption of diatomic nitrogen species in solid iron
is predominant. In this region, the diatomic nitrogen partial pressure outside the arc column is determined using
the relation for the thermal dissociation of the diatomic nitrogen at the temperature on the weld pool surface.

The residual nitrogen concentration in the weld pool is governed by a balance between the nitrogen absorp-
tion and desorption reactions. In order for nitrogen to leave the weld metal, a certain level of nitrogen concen-
tration in the liquid metal must be reached. Above these nitrogen concentration levels, nitrogen leaves the weld
metal. Nitrogen concentrations are therefore not allowed to exceed this level, thus controlling the onset of ni-
trogen desorption.

Nitrogen Transport in the Weldment
Governing Equations -The absorption of nitrogen on the weld pool surface and the transport of nitrogen in the
weld pool are based on the temperature and fluid flow fields in the weldment. These values are calculated using
a transient, three-dimensional control volume based computational procedure®’® in which the equations for the
conservation of mass, momentum, energy, and the nitrogen concentration are solved. These equations are for-
mulated in a coordinate system (£, v, z, t),27 in which the heat source and the molten metal under it are fixed in
space, and the material enters and leaves the computational domain at the welding velocity.”®>° The equations



of conservation of mass, momentum and energy are defined in previous work. **3° The weld pool geometry
reaches steady-state shortly after the start of welding. Thus, the transient terms from the governing equations
are removed and the solution becomes a steady state one. On the other hand, the nitrogen concentration calcula-
tions are time dependent. Therefore, the governing equations for momentum and energy are solved separately
from the equation of conservation of nitrogen concentration. A non-uniform grid (96x25x26) has been used to
solve all of these equations and to account for the large temperature gradients commonly present in welding op-
erations.

Fluid flow in weld pool is also turbulent in nature, and in order to take this into account, the local
viscosity values are increased.””***°*? This effective viscosity is the sum of the molecular viscosity, which is a
physical property of the fluid, and the turbulent viscosity, which is based on the nature of the flow in a given
system. An effective thermal conductivity is determined similarly. The turbulent thermal conductivity and vis-
cosity are related by the turbulent Prandtl number, Pr,, which is held constant at a value of 0.9 for these calcula-
tions. The transport of nitrogen within the weld pool is also enhanced with the presence of turbulence. In order
to take into account the presence of turbulence, the diffusion coefficient of nitrogen is enhanced. By enhancing
the diffusion coefficient, the ratio between the effective and theoretical diffusivity for nitrogen in liquid iron
(Des/Dy) 1s defined. The nitrogen diffusion coefficient in liquid iron is enhanced by a constant factor (20) here.

36-38

Boundary Conditions- The boundary conditions for the steady-state solution are shown in Fig. 2. In the solid
portion of the weldment, all velocities are zero, and the initial temperature is 298 K. The top surface of the so-
lution geometry is flat, and there is no flow of liquid out of the face. The gradients of u and v are tied to the
spatial gradient of the surface tension, and w is zero. Along the plane of symmetry through the weld pool cen-
ter, similar conditions are prevalent.
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Fig. 1: Summary of boundary conditions used in the mathematical model for solution of heat transfer and fluid
flow in the weldment. (Q 1s the energy input, A is the area of the arc column, J. is the energy flux due to con-
duction, J; is the energy flux due to radiation)



The distribution of heat flux from the arc is assumed to be Gaussian. The energy flux from the arc to the
weld metal is prescribed on the top surface by the relationship shown in Fig. 2. The maximum efficiency™ of
the GTA welding process is assumed to be approximately 80%. Heat transfer in the liquid metal portion of the
weldment on the top surface is defined by the relationship shown in Fig. 2. On the sample surfaces, the tem-
perature is initially set at 298 K, and is maintained at this level at the surfaces far from the heat source. On the
plane of symmetry, the temperature gradient is set to zero. An initial nitrogen concentration of 20 ppm, which
is the initial nitrogen concentration in the base metal used in the experiments, is assumed throughout the weld-
ment. Along the plane of symmetry, the nitrogen concentration gradient (dc/ dy) is zero. Nitrogen concentra-
tions at locations away from the sample surface and the weld pool are prescribed to be equal to the initial nitro-
gen concentration of the base metal ([N} = 20 ppm).

Experimental Methods- A series of autogenous, bead-on plate GTA welds (150 A, 25 V) have been made on
iron samples (0.002 C,0.031 Al 0.0022 Cr,0.2 Mn, 0.003 Mo,0.006 Ni, 0.002 N, 0.002 O, 0.006 P, 0.001 S,
0.009 Si) . Higher purity samples have been used in order to avoid the effects of additional alloying elements
on the nitrogen solubility. The distance between the electrode tip and the workpiece, defined as the arc length,
is maintained constant throughout the welding runs (0.0032 m), and a 2% thoriated tungsten electrode with a
diameter of 0.000238 m has been used. In order to avoid contamination, the welding chamber has been back-
filled with argon prior to welding to purge the system of unwanted environmental impurities. Throughout the
duration of each welding run, a total pressure of 0.1 MPa has been maintained within the experimental chamber.
Controlled ultra high purity (UHP) argon-nitrogen gas mixtures are used to shield the weld pool. The effects of
changes in the travel speed (0.00846 m/sec and 0.00423 m/sec) and shielding gas composition (0 to 20% N, ad-
ditions) on the resulting nitrogen concentration are studied. After the completion of each weld line, samples
(0.000635 m thick) are removed from the weld line. The weld metal nitrogen concentration in each of these
samples is then measured using vacuum fusion analysis.

RESULTS AND DISCUSSION

Nitrogen in the Plasma Phase- Number densities for the species present in several Ar-N, gas mixtures over a
range of electron temperatures have been calculated. Fig. 2(a) shows a plot of the calculated species density
distribution for an Ar-5% N, gas mixture at atmospheric pressure. Argon species dominate across the range of
temperatures, given the much higher fraction of argon in the gas mixture. Among the nitrogen species, diatomic
nitrogen dominates at temperatures below 6000 K, where the extent of dissociation and ionization is low.
Above approximately 7000 K, monatomic nitrogen is the dominant species, and N* dominates as the tempera-
ture is increased above 17000 K. The general trends shown in this figure are representative of all gas composi-
tions studied here.

The monatomic nitrogen partial pressure above the weld pool is based on the electron temperature distribu-
tion and the accompanying monatomic nitrogen species density in the plasma phase. Temperatures in the arc
column have been found to range from approximately 3000 to 20000 K, with higher temperatures near the elec-
trode and lower temperatures at weld pool surface.**>® As the weld pool surface is approached, temperatures
significantly lower than those found in the arc column are encountered.”’ Calculations of the monatomic nitro-
gen partial pressures are shown in Fig. 2(b) as a function of the electron temperature typical of the region adja-
cent to the weld pool surface. Monatomic nitrogen partial pressures vary by up to five orders of magnitude over



this temperature range. Therefore, even small variations in the temperature can significantly affect the amount
of monatomic nitrogen, thus further complicating the modeling of the nitrogen dissolution reaction.
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Fig. 2(a&b). Plots of (a) computed species densities for an Ar-5%N; gas mixture as a function of temperature
and (b) changes in monatomic nitrogen partial pressures with temperature.

Temperature and Fluid Flow Fields in the Weld Pool- Fig. 3 shows the calculated steady-state tempera-
ture and fluid flow fields in the weld pool in three dimensions. At both travel speeds, the elongated pool shapes
and temperature fields are typical of welds with a moving heat source. The effect of the change in travel speed
is evident. For example, the calculated peak temperatures and weld pool widths and depths are greater at the
slower travel speed. The calculated dimensions generally correspond with the experimental weld pool shape,
even though the modeled weld pool is somewhat wider. In each case, a strong outward flow of liquid from the
weld pool center to the weld pool peri?hery is observed at each travel speed. This behavior is consistent with

previous modeling®’ and experimental® work.
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Fig. 3: Modeling results for both temperature and at a travel speed of 0.00847 m/sec.

The temperature distribution on the weld pool surface, shown in Fig. 4, contributes to the amount of nitro-
gen absorbed from the plasma phase. A rather symmetrical temperature distribution, with the peak tempera-
tures present under the heat source and decreasing temperatures at the weld pool periphery is shown. Changes
in the temperature distribution on the weld pool surface affect the resulting nitrogen absorption and the spatial
distribution of nitrogen concentrations.
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Fig. 4. Computed temperature (K) profiles on the weld pool surface for a travel speed of 0.00847 m/sec.

Nitrogen Surface Concentrations -Nitrogen concentrations on the weld pool surface are based on both the
monatomic nitrogen partial pressures above the weld pool and the weld pool surface temperatures. The mona-
tomic nitrogen partial pressures, in turn, are based on the electron temperatures present in the plasma phase and
the nitrogen addition to the shielding gas. Variation in the electron temperatures in the plasma phase with in-
creasing distance from the energy source, with a maximum temperature located directly under the heat source
and a minimum value at the solid-liquid interface, are assumed. These electron temperature distributions are
used as a basis for determining the monatomic nitrogen partial pressures above the weld pool. Even small
changes in the electron temperature can produce significant changes in the monatomic nitrogen partial pressure,
as shown in Fig. 5(a). The corresponding nitrogen concentrations on the weld pool surface are shown in Fig.
5(b). At the weld pool center, the nitrogen concentrations are their lowest, even though the monatomic nitrogen
partial pressures are at a maximum. As the weld pool periphery is approached, the nitrogen concentrations
reach a value at which nitrogen desorption occurs. This nitrogen concentration is defined by Sieverts’ Law at
the surface temperature and a nitrogen partial pressure of 0.1 MPa.*'®!" The nitrogen distribution is indicative
of mzclmatomic nitrogen species in iron, where nitrogen solubility decreases with an increase in the tempera-
ture.
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Fig. 5(a&b): (a) monatomic nitrogen partial pressure (MPa x 10) and (b) Nitrogen concentration (ppm) distri-
bution for a travel speed of 0.00847 m/sec and a 10% N, addition to the shielding gas.

Nitrogen Concentrations in the Weld Pool -Nitrogen absorbed on the weld pool surface is transported to
the weld pool interior by convection and diffusion. Three-dimensional, transient calculations of the nitrogen
concentrations in the weld pool have been performed here. A typical nitrogen concentration distribution in the
weld pool is shown in Fig. 6. In this figure, the transient nitrogen concentrations are superimposed on the
steady state weld pool shape, giving an indication of how the nitrogen concentration varies.
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Fig. 6: Three dimensional plot of nitrogen concentrations in the weld pool at several times for a travel speed of
0.00847 m/sec. (10% N addition to the shielding gas)

Nitrogen concentrations evolve along the length of the weld pool up to the point of solidification. In the
early stages, lower nitrogen concentrations are observed in the center of the weld pool, resulting from the lower
monatomic nitrogen solubility in liquid iron at higher temperatures. It is also apparent that the transport of ni-
trogen is the result of the fluid flow patterns in the weld metal. As the weld pool evolves, nitrogen is trans-
ported from the outer edges to the interior of the weld pool. Once the weld pool solidifies, the nitrogen is
trapped in place. The nitrogen concentration in the weld pool is then computed by integrating the nitrogen con-
centrations across the solidified weld pool cross section. At each travel speed, the average nitrogen concentra-
tion generally increases with an increase in the nitrogen partial pressure. These values are compared with ex-
perimental results, which fall in a range of 2.7 to 4.7 times greater than Sieverts’ Law calculations at tempera-
tures of 2000 K and 2500 K and the same nitrogen partial pressures.

Different nitrogen additions to the shielding gas result in increases in the nitrogen concentrations in the weld
pool interior. Nitrogen additions between 15 and 20% result in nitrogen concentrations in the weld pool ap-
proaching the level required for nitrogen desorption. Changes in the electron temperature distribution also af-
fect the calculated nitrogen concentration distributions. Fig. 7(a) shows a nitrogen concentration distribution
across the solidified weld pool cross section for a 10% N, addition to the shielding gas and electron tempera-
tures between 3250 and 3000 K. Electron temperatures between 2750 and 2500 are assumed in Fig. 7(b). The
highest nitrogen concentrations are located in the weld pool center and decrease as the former liquid-solid inter-
face is approached. An analysis of the resulting nitrogen concentration distributions over this electron tempera-
ture range shows that electron temperatures above 3000 K produce similar nitrogen concentrations in the weld
pool. Therefore, only electron temperatures between 3000 and 3250 K are considered in the remaining analysis.

Nitrogen concentrations have been calculated over a range of electron temperatures and compared with the
experimental results. For each set of electron temperatures and travel speed, the calculated nitrogen concentra-
tions increase with the nitrogen addition to the shielding gas. With higher electron temperatures, the increase
becomes less and the nitrogen concentrations become similar. Electron temperatures at these levels produce
nitrogen concentrations on the weld pool surface at or near the level at which nitrogen desorption is considered,
allowing no more nitrogen to enter the weld pool. On the other hand, when the calculated nitrogen concentra-
tions are compared with the experimental results, they fall below the experimental values for each condition
considered. Therefore, there are other conditions to be taken into account in the calculations.
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Fig. 7(a&b): Nitrogen concentration (ppm) distributions in the weld pool for electron temperatures between (a)
3250 and 3000 K and (b) 2750 and 2500 K with a 10% N addition to the shielding gas.

Nitrogen Desorption Effects- Since the calculated nitrogen concentrations are less than the experimental
results, other mechanisms are contributing to the nitrogen dissolution reaction. One such mechanism is the de-
sorption of nitrogen from the solidifying weld metal. In this model, a limit is placed on the nitrogen concentra-
tions in the weld pool to define the level of nitrogen at which desorption occurs. The choice of this level is
rather arbitrary, and previously has been set equal to the Sieverts’ Law calculations for nitrogen in liquid iron
with a nitrogen partial pressure of 0.1 MPa. Since this value is insufficient to explain the experimental results,
the effects of changing this level of nitrogen concentration value are examined here.

The effect of the gas concentration in the liquid metal on the resulting desorption of gas has been noted
elsewhere.”** During the decarburization of iron melts, ([C]+[0]— CO(g)), carbon concentrations can reach
levels up to 15 times higher than those predicted by equilibrium calculations. The removal of carbon from the
melt through the evolution of CO(g) from liquid iron has been found to be dependent upon the availability of
nucleation sites for bubble formation within the melt. As the number of heterogeneous nucleation sites in-
creases, the level of carbon supersaturation in the melt decreases. In this case, nitrogen desorption
(2@] — Ny (g)) is tied to a supersaturation of nitrogen in the liquid iron. Several nitrogen supersaturation lev-
els ranging between 25 and 100% higher than the nitrogen solubility calculated by Sieverts’ Law calculations
for a nitrogen partial pressure of 1 atm have been analyzed. In Fig. 8(a&b), the effects of nitrogen supersatura-
tion enhancements of 75% at electron temperatures between 3250 and 3000 K on the resulting nitrogen concen-
tration distributions on the weld pool surface and in the weld pool interior, respectively, are shown.
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Fig. 8(a&b): Calculated nitrogen concentration (ppm) distributions (a) on the weld pool surface and (b) in the
weld pool interior for an enhancement in the of nitrogen supersaturation of 1.75.



With a 75% enhancement in the maximum allowable nitrogen concentration on the weld pool surface, sig-
nificantly higher nitrogen concentrations are present on the weld pool surface and in the weld pool interior. For
example, nitrogen concentrations on the weld pool surface reach levels approaching 800 ppm [N] near the weld
pool periphery and 750 ppm [N] in the weld pool interior. Similar conditions are observed with each level of
nitrogen supersaturation examined at each travel speed and with each nitrogen addition to the shielding gas.

A comparison between the calculated nitrogen concentrations and the experimental results is shown in Fig.
9(a&b) as a function of the nitrogen additions to the shielding gas for each travel speed. The calculated results
for enhancements between 50 and 75% fall in the same range as the experimental results. For each level of en-
hancement, the calculated nitrogen concentrations increase with greater additions of nitrogen to the shielding
gas. This generally linear increase in the calculated nitrogen concentration provides a similar trend to that ob-
served experimentally. Therefore, the consideration of nitrogen desorption through an increase in the allowable
nitrogen concentrations on the weld pool surface provides a necessary component to this model and enhances
the understanding of the nitrogen dissolution reaction.
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Fig. 9(a&b): Comparison between experimental and calculated nitrogen concentrations for travel speeds of (a)
0.00847 m/sec and (b) 0.00423 m/sec.

SUMMARY AND CONCLUSIONS

A model to calculate the nitrogen concentration in the weld metal during the GTA welding of iron has been
developed here. Nitrogen concentrations in the weld pool are based on the combination of calculations involv-
ing the plasma phase above the weld pool, the interface between the weld pool surface and the plasma phase,
and the weldment interior. Monatomic nitrogen partial pressures are calculated as a function of the electron
temperatures in the plasma phase, and nitrogen concentrations on the weld pool surface are based on both the
monatomic nitrogen partial pressure and the weld pool surface temperatures. Once absorbed at the weld pool
surface, nitrogen is then transported to the weldment interior predominantly by convection. The presence of
turbulence in the weld pool, which is taken into account by increasing the nitrogen diffusion coefficient, further
enhances the transport of nitrogen. Nitrogen desorption, which occurs via bubble formation at the liquid metal
surface, is characterized by a supersaturation of nitrogen in the weld metal and is also considered in this model.



To test the validity of this model, several autogenous GTA welding experiments in pure iron have been per-
formed at two travel speeds with a number of nitrogen additions to the argon shielding gas. Nitrogen concentra-
tions have also been measured in each weld and compared with the modeling results. The general shape and
size of the experimental and modeled weld pools are similar. Both the modeling and experimental results pro-
duce nitrogen concentrations between 2.7 and 4.7 times higher than Sieverts’ Law calculations for a tempera-
ture of 2000 K and nitrogen partial pressures between 0.005 and 0.020 MPa. When the modeling and experi-
mental results are compared, both results are equivalent in magnitude for a given set of welding parameters and
follow similar trends with changes in the nitrogen addition to the shielding gas and the travel speed.

The modeling calculations also display several features, which contribute to these results. Electron tempera-
tures in the plasma phase adjacent to the weld pool in a range around 3000 K are found to produce levels of
monatomic nitrogen sufficient to produce nitrogen concentrations in the weld pool equivalent to the experimen-
tal results. Levels of nitrogen supersaturation between 50 and 75% higher than the equilibrium nitrogen con-
centration are required to produce the nitrogen concentrations equivalent to the experimental results. The in-
corporation of turbulence in the calculations is also a key component in the final results.
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